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ABSTRACT Central stimulant actions of TO memylxanthines 
in mice correlate with affinities for adenosine receptors labeled 
with N«.[ 3 HlcyclohexyUdenosine. Affinities of methylxanthines 
for adenosine receptors are consonant with central levels attained 
at behaviorally effective doses. The much higher concentrations 
ofmethykanthmesrequire^toiiuluencebenzod^pmereceptCT 
binding do not correlate with behavioral potency. N«^i>Phenyl- 
isopropyl)adenosme(L-PU),ametaDolicaUystableanalogof aden- 
osine with high affinity for adenosine receptors, is an extremely 
potent behavioral depressant, reducing locomotor activity of mice 
at doses as little as 0.05 /xmol/kg. The D isomer, which has much 
less affinity for adenosine receptors, is much less active as a central 
depressant Theophylline stimulates locomotor activity and re- 
verses depressant effects of L-FIA. Caffeine or 1,7-dimethyIxan- 
thine, when adminUtered alone, elicits biphasic effects, with lo- 
comotor depression at lower doses and stimulation at higher doses. 
When administered with t>P!A, even low doses of caffeine pro- 
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:r, like theophylline and 



elicits only behavioral de, . , 

caffeine, isobutylmethylxanthine reverses the L-PIA-evoked 
depression, converting it into pronounced locomotor stimulation. 
The data strongly suggest that the behavioral stimulant effects of 
methylxanthines involve a blockade of central adenosine receptors. 

Although methylxanthines such as caffeine and theophylline are 
g the most widely used behavioral stimulant substa 



molecular mechanisms for their stimulant effects are unclear. 
Methylxanthines can inhibit phosphodiesterase, and thus pre- 
vent inactivation of cyclic AMP (1), but the concentrations of 
caffeine and theophylline required to inhibit phosphodiester- 
ases are substantially greater than those which occur in brain 
at behaviorally effective doses (2, 3). Moreover, several potent 
phosphodiesterase inhibitors lack behavioral stimulant actions 
and indeed are central depressants (4). Adenosine receptor ac- 
tivity is blocked by methylxanthines in concentrations similar 
to those that occur after stimulant doses (S, 6). Because the gen- 
eral neurophysiology actions of adenosine are inhibitory (7), it 
is conceivable that methylxanthines exert stimulant actions by 
blocking adenosine effects. 

In several attempts to measure binding of adenosine-related 
ligands to membranes, binding sites largely lacked the speci- 
ficity of physiologic adenosine receptors (8-12). Recendy, we 
(13, 14) and others (15, 16) have demonstrated binding of 3 H- 
labeled ligands to adenosine receptors in brain and testes (15, 
17). 

In the present study we show a correlation between potencies 
of a series of methylxanthines in stimulating locomotor activity 
of mice and in competing at adenosine receptors labeled with 
^-['Hlcyclohexyladenosine ([ 3 H]CHA). Both CHA and 1v«-(l- 
phenylisopropyl)adenosine (L-PIA), stable and potent adeno- 

The publication costs of this article were defrayed in part by page charge 
payment This article must therefore be hereby marked "advertise- 
ment" in accordance with 18 U. S. C. $1734 solely to radicate this fact. 

*~ arrcctoM :.P rtt .KVH .«rfctf|. IMA*) 1 ."32 



sine analogs, are shown to be extremely potent behavioral de- 
pressants. Low doses of xanthines dramatically reverse the L- 
PIA-evoked depression. 

MATERIALS AND METHODS 
Biochemical. [ 3 H]CHA binding to whole mouse brain mem- 
branes was assayed as reported (13). Properties of [ 3 H]CHA 
binding to mouse brain membrane were essentially the same 
as for guinea pig brain (13). [ 3 H]Flunitrazepam binding to 
mouse brain membranes was assayed as before (18). 

PH]CHA (14 Ci/mmol; 1 Ci - 3.7 x 10 10 becquerels) and 
[ 3 H]flunitrazepam (79 Ci/mmol) were obtained from New En- 
gland Nuclear. The sources of xanthines were as described (13). 

BehavioraLNaive adult male ICR mice (25-40 g) from Blue 
Spruce Farms (Altamont, NY) were given food and water ad lib. 
The mice were housed 20 per cage in 26 X 46 X 17 cm poly- 
propylene cages and were exposed to a 12-hr/12-hr hght/dark 
cycle (lights on, 0700). Mice were permitted to adapt to their 
housing for a minimum of 48 hr before testing. Behavioral tests 
were performed between 0800 and 1800. For each shipment 
of mice, received every 4 weeks, new control groups were es- 
tablished. Unless stated otherwise, all drugs were administered 
as a saline solution given intraperitoneally at 10 (i\/g of body 
weight: 

Mice received drugs 10 min prior to the 1-hr locomotor ac- 
tivity testing period and were placed individually in holding 
cages containing a sawdust bedding similar to that of their group 
cages. 

Locomotor activity data were subjected to parametric statis- 
tical analysis by using repeated measures three-way analysis of 
variance and covariarice with the least-squares computation for 
unequal numbers. Two independent subjects grouping factors 
consisted of the drugs and the various doses in which they were 
administered. The repeated measures of spontaneous locomo- 
tor activity during a testing session were considered the within- 
subject dependent repeated measure. This analysis of variance 
was repeated with a logarithmic transformation of the data. Stu- 
dent's t test was used for making individual comparisons. 

Locomotor activity was measured in four identical automated 
38 x 38 x 38 cm open-field devices built; in our laboratories, 
of black Plexiglas. The ceiling of white Plexiglas concealed a 6- 
W fluorescent light fixture to provide background illummation 
and an exhaust fan for ventilation. Sixty-four cadmium sulfide 
photosensitive devices were placed under the transparent Plex- 
iglas floor 3.8 cm apart in an 8x8 array and connected to an Intel 
microcomputer that monitored the state and location of the 
photosensitive elements 10 times per sec. The printout (Tele- 
type 43) showed the accumulated time on each of the 64 pho- 
tocells for the predetermined time period, the number of pho- 
_____ PIA, A^^pheny- 
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tocefls covered during the interval, and cell changes from the 
active to the inactive state. 



ylxanthines increase locomotor activity < 



eceptor Binding. M< 
of rodents (19) but m 



open-field studies Med to si 
Iau'on with caffeine, we utilized a photoelectric activity meter 
with 64 sensors. Drugs such as caffeine and theophylline en- 
hanced locomotor activity up to 4-fold compared to saline con- 
trols (Fig. 1; Table 1). Caffeine and 1,7-dimethylxanthme re- 
duced locomotor activity at lower doses (S and 10 /unol/kg) but 
stimulated, activity at 30 and 100 /*mol/kg. By contrast, no lo- 
comotor depression occurred with any dose of theophylline, 7- 
(/3-chloroethyI)theophyHine, or 7-(/S-hydroxyethyl)theophylline. 
Isocaffeine and 3-isobutyl-l-methylxanthine (IBMX) moder- 
ately depressed activity at all doses. Theobromine, 8-chloro- 
theophylline, and 1,9-dimethylxanthine had negligible influ- 
ence on locomotor activity at all doses. 

Brain levels of the alkylxanthines were assessed 30 min after 
a 100-/unolAg dose (Table 1). Caffeine and theophylline levels 
were about 60 fM. Theobromine, 1,7-dimethybtanthine, 7-(0- 
hydroxyethyljtheophylline, and 7-(^-chIoroethyl)theophylline 
had levels of about 20-30 /xM; IBMX, 8-chlorotheophylltae and 
isocaffeine levels were 10-15 fiM. 



In general, stimulant potencies of the methylxanthines cor- 
related with potencies in competing for the adenosine receptor 
labeled with [ 3 H1CHA. The. three methylxanthines that were 
most potent at ( 3 H]CHA sites also were the most potent loco- 
motor stimulants. The four xanthines that were weakest in com- 
peting for [ 3 H]CHA binding also were weakest in eliciting lo- 
comotor stimulation. Three of these — 8-chloro theophylline, 
1,9-dimethybcanthine, and isocaffeine— did not penetrate well 
into brain. However, bioavailability cannot account for the dif- 
ferences in behavioral effects. Thus, 7-(j8-chloro- 
ethyI)theophylIine, which was most potent behaviorally, had 
one of the lowest brain levels. Theobromine, which was be- 
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haviorally inactive, had brain levels as high or higher than 1,7- 
dimethyixanthine and 7-(/3-chloroethyl)thebphylline, which 
were behaviorally active. 

It has been suggested that stimulant effects of methylxan- 
thines might be attributable to blockade of benzodiazepine re- 
ceptors (21). However, the behaviorally potent methylxan- 
thines are about 100 times more potent at adenosine than 
benzodiazepine receptors and no correlation exists between 
behavioral potencies and effects at benzodiazepine receptors. 

Influences of L-PIA on Mouse Locomotor Activity and In- 
teractions with Methylxanthines. Although potencies of xan- 



competing for adenosine receptors, there is one notable excep- 
tion. IBMX was as potent as caffeine at adenosine receptors yet 
failed to stimulate activity and, in fact, elicited locomotor 
depression. Unlike the other xanthines, IBMX is a potent phos- 
phodiesterase inhibitor (22), and phosphodiesterase inhibitors 
are usually central depressants (4). Another difficulty in ana- 
lyzing behavioral effects of xanthines is the biphasic action of 
agents such as caffeine and 1,7-dimethylxanthine, which re- 
duced and stimulated behavioral activity at low and high doses, 
respectively. Theophylline failed to display behavioral depres- 
sion at any dose examined. Differential stimulant and depres- 
sant potencies of various methylxanthines might obscure their 
intrinsic stimulant potencies. 

To evaluate behavioral actions of the methylxanthines on sys- 
tems specifically regulated by adenosine, we explored effects 
of PIA. In an earlier study, PIA elicited behavioral depression 
in rats (23). We examined in detail influences of both L and p~. 
PIA (Fig. 2). CHA and L-PIA both were very potent in eliciting 
locomotor depression. The fact that L-PIA is more potent than 
D-PIA suggests that these effects involve adenosine Ar-recep- 
tors, which display marked stereospecificity for isomers of PIA, 
rather than ^-receptors, at which L- and D-PIA have nearly 
equal potencies (13, 24). At doses as little as 0. 1 jtmol/kg, CHA 
or L-PIA markedly reduced locomotor activity of mice, and sig- 
nificant depression was detected at 0. 05 jimol/kg. These doses, 
around 20 jtgAg, indicate that ^-substituted adenosines rank 
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B, theophylline; C, caffeine; D, 1,7-dimethylxanthine; E, 7-<0-hydroxy- 
~ ' te; J, 3-isobutyl-l-methvlranthine. 
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1. 7(/WM>roethyl)theophylline 


900 


10 


5 


19 ± 2(3) 
58 ±12 (5) 


2. Theophylline 


2000 


23 


10 


3. 1,7-DimelhyIxanthine 


2000 


30 


30 


26 ± 8(5) 


4. 3-IsobutyUl-methylxanthine(BMX) . 


-1000 


50 


>100 


15 ± 3(3) 


5. Caffeine 


800 


60 


30 


63 ±13 (5) 


6. 7(/£Hydroxyethyl)theophylline 


2000 


100 


100 


32 ± 2(2) 


7. Theobromine 


>2000 


150 


>100 


29 ± 3(3) 


8. 8-Chlorotheophylline 


>2000 


500 


>250 


13 ± 6(3) 


9. 1,9-Dimethylxanthine 


>2000 


>1000 


>250 




10. IsocaSeine 


1000 


>1000 


. >250 


11 ± 5(3) 



Binding of PfflCHA (1.0 nM) or l 3 H)fl\mitrazepam (0.2 nM) was assayed in triplicate with six concentrations of xanthines. Date are means of 
three determinations of IC M values (concentration to inhibit specific binding by 50*) which varied less than 20%. Locomotor stimulation threshold 
represents the minimal dose to augment monitored locomotor activity significantly (tested by statistical analyses). For -each methylxanthine, five 
or six doses from 2.5 to 250 ftmol/kg were evaluated with 10-20 mice at each dose. At 250 fimol oflBMX per kg, moat mice died. To measure meth- 
ylxanthine brain levels, mice were given 100-/imol/kg doses and were killed 30 min later. Brains were homogenized with 5 vol of 0.01 M HC1 and 
extracted three times with 10 vol of chloroform. The combined chloroform extracts were dried over anhydrous sodium sulfate and evaporated to 
dryness. The residue was dissolved in 1 vol of solvent for high-pressure liquid chromatography adapted from the method of Blanchard et al. (20). 
A liChrosorb 18 (4.6 x 250 mm) reversed-phase column (Altex Scientific Berkeley, CA) was used with 0.01 M acetate buffer, pH 4/acetonitnle, 
90:10 (vol/vol), as solvent for xanthines 3, 7, and 10. an 85:16 mixture for xanthines 2. 5, 6, 8, and 9, and a 70:30 mixture for xanthines 1 and 4. 
A flow rate of 1 ml/min gave the following retention times (min) for the 10 xanthines: 1, 6.4; 2, 5.5; 3, 11.2; 4, 7.6; 5. 9.0; 6, 13.0; 7, 7.1; 8, 10.2; 9, 
4 5: 10, 7.6. The injection volume was 20 /U. The ultraviolet detector was set at 273 nm, and integrated peak heights were compared to those of 
stod^BolutionVofmethylxanthinea. AU values are means ± SEM; the number of mouse brains is shown in parentheses. All data are corrected 



but appeared to be less than 10 jiM. Recoveries for the other xanthines were: 1, 90*; 2, 55%; 3. 56%; 4, 100%; 5, 90%; 6, 47%; 7, 70%; 8, 33%;10, 



among the most potent psychoactive drugs, comparable to LSD 
and the very potent butyrophenone neuroleptic spiperone (25). 

At 0.2 (aaol of L*PIA per kg, the mice displayed virtually no 
spontaneous motor activity at 30 min and were flaccid with their 
fore and hind limbs splayed. However, at this dose the animals 
were alert, responded to nociceptive stimuli such as tail pinch- 
ing, and had intact righting and corneal reflexes. At this dose 
both tail and ears displayed a reddish coloration indicative of 
vasodilation. The respiratory rate was slowed, and respirations 
seemed to be deeper. At 5 /xmol Ag or higher, the righting re- 
flex was abolished, although the animals were still awake. At 
progressively increasing doses up to 600 funol/kg the mice still 
were alert but flaccid. The absence of lethality at doses thou- 
sands of times greater than behaviorally active doses suggests 
that behavioral effects are not related to systemic effects such 
as hypotension. After peripheraladministration of {*H]CHA to 
mice, its brain concentrations are such that a0.2-juunol/kg dose 
would give brain levels of 20 nM, several times greater than the 
Kj, 6nM for adenosine receptors (unpublished data). To further 
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ensure that L-PIA depression is centrally mediated, we showed 
that 8-(p-sulfophenyI)theophylIine (60 mg/kg). which is as po- 
tent as theophylline at adenosine receptors (13) but is polar and 
not likely to enter the brain, failed to reverse L-PIA behavioral 
depression. 

To explore possible interactions between L-PIA and meth- 
ybcanthines, we administered these substances alone or in com- 
bination at various doses (Fig. 3). At 5 and 10 /xmolAg, caffeine 
depressed motor activity; at 30 and 100 jimol/kg it was a stim- 
ulant. Combining a "depressant" dose of caffeine (10 /imol/kg) 
with L-PIA markedly enhanced locomotor activity. Theophyl- 
line did not depress activity at any dose examined. The com- 
bination of theophylline (10 jtmol/kg) and L-PIA produced con- 
siderably greater enhancement of locomotor activity than 
occurred with the same dose of theophylline alone. At 5-100 
/unol/kg, IBMX alone Med to enhance locomotor activity and, 
in fact, depressed activity at most time points. L-PIA (0.2 /xmol/ 
kg) also depressed activity. Strikingly, tile combination of IBMX 
(5 /tmol/kg) and L-PIA, like combinations of L-PIA with either 
caffeine or theophylline, greatly augmented locomotor activity, 
to 300% of control activity at 60 min. A similar although less- 
pronounced reversal of L-PIA depression occurred at 2.5 /imol 
of IBMX per kg. These.findings suggest that IBMX indeed pos- 
sesses intrinsic stimulant activity that normally is masked, by its 
separate depressant effects and unmasked by the interaction 
with L-PIA. 

These dramatic interactions ofmethylxanthines with L-PIA 
are quite selective. No synergistic stimulation of locomotor ac- 
tivity occurred when amphetamine was combined with L-PIA 
(Fig. 3B). At 2.5 unioIAg, amphetamine markedly augmented 
locomotor activity. A combination of this dose with L-PIA (0,2 
fanol/kg) resulted in absence of stimulation or depression of 
activity. 

Influences of L-PIA on Nociception and Drug-Induced Con- 
vulsions. The very potent and stereospecific behavioral effects 
of PIA and CHA suggest that these substances act upon aden- 
osine A|-receptors in .the brain and may reflect the role of en- 
dogenous adenosine in the brain. Accordingly, we evaluated a 
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possible role of adenosine in nociceptive and convulsant 



Convulsions were elicited in. groups of 15 mice by adminis- 
tration of strychnine (5 /unol/kg) or pentylenetetrazole (0.4 
mmbl/kg). Diazepam at 5 mg/kg completely prevented both 
strychmneandpentylenetetrazoleconvulsiotts:L-PU(10>anol/ 
kg) reduced the two types of convulsions by 50%. However, at 
5 /unol/kg or lower, L-PIA lacked anticonvulsant effects despite 
its profound behavioral actions. In die tail flick test (26) in 
groups of 15 mice, L-P1A (5-10 fimol/kg) displayed some an- 
tinociceptive effects that were blocked by caffeine (0.2 mmol/ 
kg) but not by naloxone (3 /iraol/kg). Thus, whereas LrVIA dis- 
plays some anticonvulsant and antinociceptive activity, these 
actions require doses at least 10 times the effective dose for 
behavioral depression. 



The present study strongly suggests that the behavioral stim- 
ulant effects of methylxanthines involve blockade of adenosine 
receptors. Potencies of methylxanthines in competing at aden- 
osine receptor binding sites correlate with locomotor stimula- 
tion. The Mure of the potent adenosine receptor blocker IBMX 
to stimulate locomotor activity direcdy may reflect a "contam- 
inating'* behavioral depressant effect, perhaps related to phos- 
phodiesterase inhibition. The conversion, by low IBMX doses, 
of L-PIA-induced depression into a pronounced behavioral ac- 
tivation suggests an intrinsic stimulant activity of IBMX. Al- 
though certain of the behaviorally inactive methylxanthines 
display reduced brain penetration, variations of bioavailability 
do not account for differences in behavioral potency, and brain 
levels of most methylxanthines are sufficient to occupy adeno- 
sine receptors. 

There appear to exist at least two distinct adenosine recep- 
tors. Apsites are associated with decreases in cyclic AMP levels, 
are influenced by nanomolar concentrations of adenosine and 
related agents, and respond stereoselectively to PIA (13, 27- 
29). Ai-receptors, on the other hand, are associated with aug- 
mentation of cyclic AMP levels, respond to micromolar con- 
centrations of adenosine, and do not markedly differentiate be- 
tween the isomers of PIA. In the present study, we evaluated 
effects of xanthines only on A,-receptors labeled by ( 3 H]CHA. 
Previously, we labeled apparent Ag-receptors in brain mem- 
branes with l,3-[ 3 H]diethyl-c , -phenylxanthine(13). Most of the 
methylxanthines used in the present study have similar poten- 
cies on adenosine receptors labeled with [ 3 H]diethyl- 
phenylxanthine and [ 3 H]CHA. Because PIA-induced depres- 
sion, which is strikingly reversed by methylxanthines, appears 
to be stereoselective, it seems probable that stimulant effects 
of methylxanthines involve blockade of A r receptors. However, 
a role for Aj-receptors cannot be excluded. The extremely po- 
tent locomotor depressant but nonhypnotic actions of PIA sug- 
gest that adenosine analogs may exert useful, possibly thera- 
peutic, behavioral effects. 
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